Sister chromatid cohesion relies on cohesin, a complex comprising a tri-partite ring and a peripheral subunit Scc3, which is found as two related isoforms SA1 and SA2 in vertebrates. There is a division of labor between the vertebrate cohesin complexes; SA1-cohesin is required at telomeres and SA2-cohesin at centromeres. Depletion of SA1 has dramatic consequences for telomere function and genome integrity, but the mechanism by which SA1-cohesin mediates cohesion at telomeres is not well understood. Here we dissect the individual contribution of SA1 and the ring subunits to telomere cohesion and show that telomeres rely heavily on SA1 and to a lesser extent on the ring for cohesion. Using chromatin immunoprecipitation we show that SA1 is highly enriched at telomeres, is decreased at mitosis when cohesion is resolved, and is increased when cohesion persists. Overexpression of SA1 alone was sufficient to induce cohesion at telomeres, independent of the cohesin ring and dependent on its unique (not found in SA2) N-terminal domain, which we show binds to telomeric DNA through an AT-hook motif. We suggest that a specialized cohesion mechanism may be required to accommodate the high level of DNA replication-associated repair at telomeres.
Introduction
Sister chromatid cohesion ensures the faithful distribution of sister chromatids in mitosis and provides a template for homology directed repair and recombination in late S and G2 phase of the cell cycle. Cohesion is mediated by cohesin, a ring complex comprising Smc1, Smc3, and Scc1 (Anderson et al., 2002; Haering et al., 2002) , and a peripheral subunit Scc3, that in vertebrates exists as two closely related isoforms SA1 and SA2 Sumara et al., 2000) . A cohesin complex contains either SA1 or SA2. In somatic cells SA2 is found in great excess (12-to 15-fold) over SA1 (Holzmann et al., 2011) . Precisely how the ring works in vivo to cohere sisters is not known, but models range from the ring encircling the sisters to hold them together (Gruber et al., 2003) to rings on each sister that are held together by a protein bridge (Chang et al., 2005; Zhang et al., 2008) .
The best-understood and most fundamental role of cohesin is at centromeres, where it concentrates to hold sister chromatids together against the spindle forces until the metaphase to anaphase transition (Tanaka et al., 2000) . Cohesin is also distributed along chromosome arms, albeit at a much lower frequency; the average distance between two cohesin sites is ,340 kb in human cells (Wendt et al., 2008) . Cohesin binds to the same sites as the CCCTC-binding factor CTCF (Parelho et al., 2008; Rubio et al., 2008; Stedman et al., 2008; Wendt et al., 2008 ) a zinc finger DNAbinding protein that acts as a transcriptional activator/repressor and insulator-binding protein (Wallace and Felsenfeld, 2007) , indicating a role for cohesin in the organization of interphase chromatin. Cohesin is also required for DNA repair; it is recruited to sites of double strand breaks to hold the sisters in close proximity for repair (Ström et al., 2004; Ü nal et al., 2004 ). The observation that cohesin needs to be recruited to sites of damage, suggests that normally there is insufficient cohesion to hold the sisters in the close proximity needed for DNA repair.
Telomeres are unique heterochromatic structures that contain TTAGGG repeats and shelterin, a six-subunit complex comprising TRF1, TRF2, TIN2, RAP1, TPP1 and POT1 (de Lange, 2005) . Shelterin function is regulated by transiently associating proteins, such as tankyrase 1, a poly(ADP-ribose) polymerase that PARsylates TRF1 (Smith et al., 1998) and can influence association of TRF1 and its shelterin binding partner TIN2 with telomeres Smith and de Lange, 2000) . Telomeres rely on specialized mechanisms for their replication (Gilson and Géli, 2007; Stewart et al., 2012) , protection (Palm and de Lange, 2008) , and cohesion. The first indication for a distinct cohesion mechanism came with the observation that sister telomeres remained cohered at mitosis in normal human cells approaching senescence (Ofir et al., 2002; Yalon et al., 2004) . A subsequent study in HeLa cells showed that depletion of tankyrase 1 led to persistent telomere (but not arm or centromere) cohesion at mitosis (Dynek and Smith, 2004) . Subsequently, the shelterin subunits TIN2 and TRF1, were found to be associated with SA1-cohesin, but not SA2-cohesin . In cells depleted of TIN2 or SA1, but not SA2, telomere cohesion was not established in S phase (Canudas and Smith, 2009) . Conversely, depletion of SA2, but not SA1 or TIN2, led to a defect in centromere cohesion (Canudas and Smith, 2009) . Additional studies showed that the heterochromatin protein HP1c associated with TIN2 and was required for cohesion at telomeres, but not at centromeres (Canudas et al., 2011 ).
The studies described above indicate a unique mode of telomere cohesion in human cells that relies exclusively upon SA1-cohesin. Similar results were obtained in mouse cells deleted for SA1 (Remeseiro et al., 2012a) . The need for specialized cohesion at telomeres is likely due to the repetitive G-rich structure, which poses problems for replication fork progression, leading to nicks and gaps that must be repaired prior to mitosis. Consistent with this notion, depletion of SA1 led to the inability to repair breaks in G2 and sister telomere loss in human cells (Canudas and Smith, 2009) , and to fragile telomeres in mouse cells (Remeseiro et al., 2012a) . Despite its importance in genome integrity, the mechanism by which SA1-cohesin mediates sister telomere cohesion is not well understood.
Here we dissect the individual contribution of SA1 and the ring subunits to telomere cohesion. Surprisingly, we find that while depletion of the ring subunits dramatically affects centromere cohesion, it only minimally affects cohesion at telomeres. Instead, we show that SA1, through its unique AT-hook, is the major driving force for cohesion at telomeres. Hence, telomeres employ (in addition to the canonical ring-mediated cohesion that occurs along chromosome arms) a specialized SA1-mediated mechanism for cohesion. We suggest that the difficulty to replicate G-rich DNA at telomeres demands a specialized (more intimate) association between sister chromatids to allow continual surveillance and repair during and after DNA replication.
Results
Resolution of telomere cohesion occurs in G2/M and is dependent on PARP-active tankyrase 1
Telomere cohesion (unlike centromere cohesion) cannot be analyzed by metaphase-spread analysis; telomere cohesion is sensitive to the hypotonic swelling conditions used during metaphase-spread preparation Dynek and Smith, 2004) . Hence, for all the experiments described herein, in order to preserve the protein-protein interactions that mediate sister telomere cohesion, live cells are fixed immediately (without pretreatment) in methanol-acetic acid and subjected directly to fluorescent in situ hybridization (FISH).
We showed previously (using chromatin immunoprecipitation (ChIP) analysis across the cell cycle) that tankyrase 1 localized to telomeres in G2/M (Bisht et al., 2012) . To determine if this localization coincided temporally with resolution of telomere cohesion, we performed FISH analysis with a chromosomespecific subtelomere probe across the cell cycle. Cells were treated with TNKS1 siRNA or GFP as a control, synchronized by a double thymidine block, released for 4, 6, 8 and 10 hours and analyzed by FISH with a 16ptelo probe (Fig. 1A,B) . In control cells in S phase (4-6 hours after release) the majority of telomeres appeared as singlets indicating that they were cohered. As cells entered G2/M (8-0 hours after release), telomere cohesion was resolved (Fig. 1A , upper panel and Fig. 1B , left side), coinciding precisely with the time when tankyrase 1 localizes to telomeres (Bisht et al., 2012) . In cells depleted of tankyrase 1, telomeres remained as singlets throughout the cell cycle (Fig. 1A , bottom panel and Fig. 1B , right side). To determine if resolution of telomeres and arms was coincident across the cell cycle, double FISH was performed with probes against the telomere and arm of the same chromosome (13qtelo 13qarm). In control cells resolution of telomere and arm cohesion occurred simultaneously across the cell cycle (Fig. 1C , upper panel and Fig. 1D, left side) . By contrast, in tankyrase-1-depleted cells arm, but not telomere, cohesion was resolved in G2/M (Fig. 1C , lower panel and Fig. 1D, right side) .
To demonstrate the specificity of resolution of telomere cohesion, we asked if it required the catalytic activity of tankyrase 1. Cells were treated with TNKS1 siRNA and cotransfected with siRNA resistant plasmids encoding wild type or PARP-dead tankyrase 1. Cells were synchronized by a double thymidine block, released for 10 hours, isolated by mitotic shakeoff, and analyzed by immunoblot (Fig. 1E ) and by FISH with a 16ptelo probe (Fig. 1F,G) . Wild type tankyrase 1, but not PARPdead, rescued the persistent sister telomere cohesion. Consistent with the notion that the catalytic activity of tankyrase 1 was required for resolution of telomere cohesion, treatment of cells with the tankyrase-specific PARP inhibitor XAV939 (Huang et al., 2009) led to persistent sister telomere cohesion (Fig. 1H,I ). Thus, the PARP activity of tankyrase 1 is required to disrupt cohesion at telomeres.
We showed previously that persistent telomere cohesion induced by tankyrase 1 depletion could be rescued by depletion of SA1, but not SA2 ) and see Fig. 1J -L. We now sought to determine if depletion of the cohesin ring would similarly rescue the tankyrase 1-induced persistent cohesion. Cells were subjected to double siRNA treatment with TNKS1 and individual cohesin subunits, analyzed by immunoblot (Fig. 1J) , and by FISH with a 16ptelo probe following mitotic shake-off (Fig. 1K,L) . Depletion of SA1 led to a 6-fold reduction in cells with singlets, rescuing cohesion to nearly wild type levels. By contrast, depletion of SA2 led to only a 1.3-fold reduction in cells with singlets (Fig. 1K,L) . Surprisingly, depletion of the ring subunit Scc1 had only a minimal effect (1.3-fold; similar to SA2), indicating that persistent telomere cohesion in tankyrase-1-depleted cells is mediated largely by SA1, with only minimal contribution by SA2 and the cohesin ring.
A limited requirement for cohesin ring subunits in telomere cohesion
We next asked if the cohesin ring was required to maintain cohesion at telomeres irrespective of tankyrase 1. Following treatment with siRNA for each cohesin subunit, cells were analyzed by immunoblot ( Fig. 2A) and by FISH with a 16ptelo probe following mitotic shake-off ( Fig. 2B-F,G) . In HeLaI.2.11 cells treated with GFP siRNA sister telomeres appeared as closely associated doublets separated by an average distance of 0.76 mm (Fig. 2B) . Depletion of SA1 led to a dramatic increase (average distance 2.14 mm) in the distance between most sister telomeres, whereas in SA2-depleted cells most sister telomeres remained close, although a subset showed increased distance [ Fig. 2C ,D, and shown previously (Canudas and Smith, 2009) ]. In cells depleted of the ring subunits Scc1 or Smc3, most sister telomeres remained closely associated as in control cells, although a subset showed increased distance (Fig. 2E,F) . Together these data show that in cells depleted of SA2 or the ring (but not SA1), the majority of sister telomeres remain closely associated, suggesting that SA2 and the ring contributed only minimally to telomere cohesion.
To validate that cohesin ring function was impaired in the Scc1-and Smc3-depleted cells, we measured centromere cohesion using FISH with a chromosome-specific centromere probe 6cen (Fig. 2H -L,M). In HeLaI.2.11 cells treated with GFP siRNA centromeres were cohered, appearing as closely associated doublets with an average diameter of 0.62 mm (Fig. 2H) . Depletion of SA1 led to only a minor effect (1.2-fold increase) in the distance between sister centromeres, whereas in SA2-depleted cells the majority of sister centromeres showed an increased distance [ Fig. 2I ,J, and shown previously (Canudas and Smith, 2009) ]. In cells depleted of the ring subunits Scc1 or Smc3, the distance between most sister centromeres was increased dramatically (Fig. 2K,L ). Together these data show that in cells depleted of SA2 or the ring, the majority of sister centromeres have lost cohesion (Fig. 2M) , whereas the majority of sister telomeres retain their close association (Fig. 2G) . Indeed, double FISH analysis of Scc1-or Smc3-depleted cells showed that within the same cell telomere cohesion remained intact despite a dramatic loss in centromere cohesion (Fig. 2N ).
We were surprised that depletion of the ring had only a limited effect on telomere cohesion measured at mitosis. To probe the issue further we queried the impact of ring depletion on establishment of cohesion at telomeres in S phase. siRNAtreated HeLa.I.2.11 cells were synchronized with a double thymidine block, harvested 4 hours after release (mid S phase), and processed for FACS analysis ( Fig. 3A ) and chromosomespecific telomere (Fig. 3B ,D) or centromere ( Fig. 3C ,E) FISH. FACS analysis indicated that the siRNA treated cells were in S phase (Fig. 3A) . In cells treated with GFP siRNA the majority of telomeres and centromeres appeared as singlets, consistent with the view that in mid-S-phase chromosomes are either unreplicated or replicated, but still cohered. Cells depleted of SA1 showed a dramatic (5.5-fold) increase in telomere doublets, whereas SA2-depleted cells showed only a 1.8-fold increase in telomere doublets [ Fig. 3B ,D, and shown previously (Canudas and Smith, 2009) ]. In cells depleted of the ring subunits Scc1 or Smc3, most telomeres remained as singlets, although there was a (2-fold) increase in doublets (Fig. 3B ,D,F). Analysis of centromere cohesion under the same conditions revealed the opposite; depletion of SA1 had no effect, whereas depletion of SA2, Scc1 or Smc3 resulted in at least a 4-fold increase in doublets ( Fig. 3C ,E,F). Together these data support the notion that SA1 drives telomere cohesion, whereas, SA2 along with the cohesin ring drives centromere cohesion.
SA1 is enriched at telomeres
The studies described above raised the possibility that SA1 may be acting in a unique or independent way at telomeres. We thus asked if we could detect accumulation of SA1 at human telomeres. The genomic distribution of SA1 was measured previously using ChIPChIP on the non-repetitive ENCODE regions representing 1% of the human genome (Rubio et al., 2008; Wendt et al., 2008) . However, these studies did not address the association with telomeres. To address this question, we performed a specialized telomeric ChIP assay that uses a dot blot approach to hybridize the immunoprecipitated DNA with a telomere repeat probe (Telo). Alu repeats are used as a negative control. ChIP analysis of HeLaI.2.11 cells using anti-TRF1 antibody revealed a robust telomere-specific signal (Fig. 4A,B) , as expected for a telomeric-DNA-binding protein. ChIP with anti-SA1 antibody revealed a weaker, but specific (and reproducible) telomeric association (Fig. 4A,B) . To validate that the increased SA1 signal observed at telomeres was due to SA1 protein, ChIP was performed on SA1-depleted cells. Immunoblot analysis of cells treated with GFP or SA1 siRNA showed efficient knockdown of SA1 (Fig. 4C ) and a corresponding knockdown of the SA1-ChIP signal (Fig. 4D,E) .
Telomere cohesion is released at mitosis in a tankyrase 1 dependent manner (described above; Fig. 1A-D) . Accordingly, we asked if SA1 was released from telomeres at mitosis. HeLaI.2.11 cells were synchronized by a double thymidine block, released, and collected at 0 and 10 hours. FACS analysis indicated that the cells were synchronized in G1/S (0 hours) and G2/M (10 hours; Fig. 4F ). ChIP analysis of the cell cycle staged extracts indicated a greater than 2-fold reduction of SA1 at telomeres in mitosis (Fig. 4G,H) . To determine if removal of SA1 relied on tankyrase 1, HeLaI.2.11 cells were treated with GFP or TNKS1 siRNA and mitotic cells were isolated by mitotic shake-off. Immunoblot analysis showed efficient knockdown of TNKS1 (Fig. 4I) . ChIP analysis revealed a threefold increase in SA1 at telomeres in TNKS1-depleted mitotic cells (Fig. 4J,K) . Together the data are consistent with a role for SA1 in telomere cohesion; SA1 is enriched at telomeres, is reduced at telomeres in mitosis when cohesion is removed, and is increased at telomeres in TNKS1-depleted mitotic cells when cohesion persists.
SA1 overexpression promotes sister telomere cohesion
Our studies thus far indicated that SA1 was enriched at telomeres where it was required (to a greater extent than SA2 and the cohesin ring) to establish and maintain sister telomere cohesion. SA1 and SA2 are highly conserved along their length, where they bind to the cohesin ring through association with Scc1, but are distinguished by unique sequences in their N-and C-termini (Fig. 5A) . To dissect the telomeric specificity of SA1 versus SA2, HeLaI.2.11 cells were transiently transfected with epitope-tagged alleles, FlagSA1 or FlagSA2. Transfected cells were analyzed by immunoblot (Fig. 5B ) and isolated by mitotic shake-off for FISH analysis with a 16ptelo probe. As shown in Fig. 5C ,D, overexpression of SA1 induced a fivefold increase in persistent telomere cohesion at mitosis, whereas overexpression of SA2 had a less than twofold effect.
Our previous observation that the 72-amino-acid domain of SA1 (but not the corresponding 69-amino-acid domain in SA2) bound to the shelterin subunit TRF1 (Canudas et al., 2007) , 
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suggested that this domain could be important for telomere cohesion. Hence, we generated a chimeric protein replacing the N-terminal domain of SA2 with that of SA1 (SA1/SA2; Fig. 5A ). FISH analysis of HeLaI.2.11 cells transiently transfected with an epitope-tagged allele of the chimera (FlagSA1/SA2) induced persistent telomere cohesion similar to SA1 (Fig. 5C,D) , consistent with the notion that the unique N-terminal domain of SA1 imparts telomere specificity to SA1-mediated cohesion.
To further dissect the telomere specificity of SA1 in cohesion, HTC75 cell lines stably overexpressing FlagSA1 or an Nterminally deleted allele of SA1 (FlagSA1D72) were generated and analyzed by immunoblot (Fig. 5E ) and isolated by mitotic shake-off for FISH analysis with a 16ptelo probe. As shown in Fig. 5F ,H, the SA1-HTC75 cell line, but not the SA1D72-HTC75 line, showed persistent sister telomere cohesion in mitosis, consistent with a role for the 72-amino-acid N-terminal domain of SA1 in telomere cohesion. To determine if the effect of SA1 on cohesion was specific to telomeres, double FISH was performed with probes against the telomere and arm of the same chromosome. As shown in Fig. 5G ,H, FISH analysis with the 13qtelo probe (like the 16ptelo probe) showed persistent telomere cohesion dependent on the N-terminal domain of SA1. By contrast, FISH analysis with an arm probe from the same chromosome (13qarm) showed only a slight increase in cohesion and this was independent of the N-terminal domain of SA1.
Finally, to determine the protein requirements for the persistent sister telomere cohesion induced by overexpression of SA1, the SA1-HTC75 cell line was treated with siRNA against GFP control, the cohesin ring subunit Scc1 or the shelterin subunit TIN2 and analyzed by immunoblot (Fig. 5I ) and isolated by mitotic shake-off for FISH analysis with a 16ptelo probe. As shown in Fig. 5J ,K, depletion of Scc1 did not rescue the persistent cohesion induced by SA1. By contrast, depletion of TIN2, shown previously to be required for sister telomere cohesion Canudas and Smith, 2009) , partially rescued the SA1-induced persistent cohesion at telomeres. Together these data indicate that SA1 induces persistent cohesion (specifically at telomeres) that is dependent on its unique N-terminal TRF1-binding domain and is independent of the cohesin ring.
SA1 binds directly to DNA through a N-terminal AT-hook motif
The studies described above indicate a crucial role for the unique N-terminal domain of SA1 in mediating telomere cohesion. Inspection of the amino acid sequence revealed the presence of an AT-hook motif at amino acid position 34 [previously identified in a screen for all detectable AT-hooks in the protein sequence database (Aravind and Landsman, 1998) ]. The AT-hook motif, first described in the high mobility group proteins (HMGA1/2), binds to AT-rich DNA sequences in the minor groove of DNA in a nonsequence-specific manner (Reeves, 2001 ). The AT-hook motif in SA1 (KRKRGRP) is highly conserved, but is not found in SA2 (Fig. 6A) . To determine if the AT-hook containing N-terminal domain of SA1 binds to DNA, we generated recombinant proteins (Fig. 6B ) and performed gel shift assays with a 32 P-labeled duplex (TTAGGG) 12 probe and poly(dG-dC) as non-specific competitor (Fig. 6C) . As a positive control we used TRF1 (Fig. 6B, lane 6) , which binds specifically to telomere repeats (Chong et al., 1995) (shown in Fig. 6C, lanes 2 and 3) . For SA1, the 72-amino-acid Nterminal domain was expressed as a Sumo fusion protein and purified from E. coli (Fig. 6B, lane 2) . Sumo-SA1.72 (like TRF1) bound to telomeric DNA (Fig. 6C, lanes 4 and 5) .
To determine if the binding was due to the AT-hook motif, we generated a double point mutation, converting the arginines [predicted to participate in DNA-protein interactions (Huth et al., 1997) ] at position 37 and 39 to alanines (Sumo-SA1.72RA, see Fig. 6A ). As shown in Fig. 6C , lane 6, Sumo-SA1.72RA did not bind telomeric DNA, indicating a requirement for the AT-hook motif in DNA binding. As additional controls, we show that an unrelated Sumo protein (Sumo-GMD, Fig. 6B , lane 5) (Bisht et al., 2012) did not bind DNA (Fig. 6C, lane 7) and that the 
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SA1-72 protein alone (cleaved and purified away from Sumo, Fig. 6B , lane 4) bound to the (TTAGGG) 12 probe (Fig. 6C, lanes  8 and 9) , like Sumo-SA1-72.
To determine if SA1 showed the same specificity for telomeric DNA as TRF1, we asked if E. coli DNA could compete with binding of SA1 to telomeric DNA. As shown in Fig. 6D , under conditions where the TRF1-(TTAGGG) 12 complex was resistant to competition (Fig. 6D, lanes 2 and 3) , the SA1-(TTAGGG) 12 complex was competed by E. coli DNA (Fig. 6D, lanes 4 to 6) , consistent with the notion that AT-hooks do not bind in a sequence-specific fashion to DNA. Together these data indicate the while SA1 is not a sequencespecific DNA-binding protein like TRF1, it does binds to telomeric (and likely other AT-rich) DNA through its AT-hook motif.
Finally, to determine if the AT-hook was required for telomere cohesion in vivo, we created the same (RA) double point mutation in the full-length FLAG-tagged SA1 allele to generate FlagSA1RA. HeLaI.2.11 cells were transiently transfected with FlagSA1 or FlagSA1RA, analyzed by immunoblot (Fig. 6E) , and isolated by mitotic shake-off for FISH analysis with a 16ptelo probe. As shown in Fig. 6F , G, mutation of the AT-hook abrogated the ability of SA1 to induce persistent cohesion at telomeres.
Discussion
Telomeres are unique heterochromatic structures that rely on specialized mechanisms for their replication and protection. Perhaps it is not surprising then that they utilize a novel mechanism for their cohesion. The repetitive, G rich nature of telomeres makes them highly susceptible to replication damage and hence more reliant on homology directed repair with the sister chromatid to restore genome integrity following DNA replication in late S and G2 phases of the cell cycle. Our study indicates that SA1, through its unique AT-hook, drives cohesion at telomeres. Values are means 6 s.e.m., derived from two independent experiments (n568 cells or more each). (E-H) SA1 induced persistent cohesion specifically at telomeres, dependent on its N-terminal domain. Stable HTC75 cell lines overexpressing SA1 or SA1D72 or control cells (Con) were analyzed by (E) immunoblot, (F) telomere FISH using a 16ptelo probe or (G) by double FISH with a 13qtelo (green) and 13qarm (red) probe following mitotic shake-off. (H) Graphical representation of the frequency of mitotic cells with unseparated telomeres or arms (n5102 cells or more each). (I-K) SA1 induced persistent telomere cohesion independent of Scc1, but dependent on TIN2. Stable SA1-HTC75 or control cells were treated without (2) or with siRNA against GFP, Scc1 or TIN2 and analyzed by (I) immunoblot (protein levels relative to atubulin and normalized to the GFP siRNA control are indicated next to the blots) and (J) telomere FISH using a 16ptelo probe (green) following mitotic shake-off. (K) Graphical representation of the frequency of mitotic cells with unseparated telomeres. Values are means 6 s.e.m., derived from two independent experiments (n529 cells or more each). In C, F, G and J DNA was stained with DAPI (blue). Scale bars: 5 mm.
We suggest that SA1, along with the shelterin subunits TIN2 and TRF1 and heterochromatin protein HP1c, promote an intimate association between sister telomeres that allows continual surveillance during and after DNA replication that cannot be achieved by the cohesin ring (see model in Fig. 6H ).
Our studies indicate that depletion of the cohesin ring, despite having a robust effect at centromeres, only minimally affects cohesion at telomeres. This is perhaps not surprising since cohesin is highly enriched at centromeres where it plays an essential role holding sister centromeres together against the forces of the mitotic spindle. In our study depletion of the ring subunits (Smc3 and Scc1) phenocopied depletion of SA2 (Figs 2, 3) , consistent with the notion that these subunits (SA2, Smc3 and Scc1) act in concert. However, depletion of the ring did not phenocopy depletion of SA1, suggesting that these subunits (SA1, Smc3 and Scc1) do not act in concert. Depletion of SA2, Smc3 or Scc1 had some impact on telomere cohesion, but it was significantly less than the impact of SA1 depletion, suggesting a distinct role for SA1 at telomeres. Indeed, we detected enrichment of SA1 at telomeres by ChIP (Fig. 4) , but we did not detect SA2, Scc1 or Smc3 at telomeres (data not shown). While this could be due to differences between antibodies used for SA1 versus the other subunits, given the sparse distribution of cohesin rings along chromosome arms [one every 340 kb (Wendt et al., 2008) ], we favor the interpretation that telomeres, which are 20-25 kb in HeLa1.2.11cells, may be devoid of rings. We suggest that the small cohesion defects observed at telomeres upon depletion of SA2 and the ring, are due to loss of cohesion at the level of the whole chromosome, from the neighboring arm or centromere. Together our studies suggest that the robust effect of SA1 depletion or overexpression on telomere cohesion is due to intrinsic properties of the SA1 subunit.
SA1 contains an AT-hook in its N-terminal domain that is highly conserved in SA1 homologs from other species and is not found in SA2 (Fig. 6A) . We show that SA1 binds directly to telomeric DNA in vitro (Fig. 6C) . However, this binding does not have the specificity of the sequence-specific telomere-repeatbinding protein TRF1, since in the case of SA1, we can compete the binding using E. coli competitor DNA (Fig. 6D) , consistent with the idea that AT-hooks bind in a non-sequence-specific manner (Reeves, 2001) . We suggest that the AT-hook endows SA1 with the capacity to associate with telomeres where it then binds to TRF1 and other proteins to promote cohesion.
Our finding that SA1 contains a functional AT-hook may shed light on additional roles of SA1 in vivo, revealed recently by work in mice. Knockout of SA1 in mouse resulted in embryonic lethality (Remeseiro et al., 2012a; Remeseiro et al., 2012b) . While analysis of SA1-null mouse cells indicated defects in telomere cohesion and telomere replication (Remeseiro et al., 2012a) [consistent with studies in human cells (Canudas and Smith, 2009 )], additional observations indicated a role for SA1 in different processes. Analysis of the distribution of SA1-cohesin versus SA2-cohesin in the non-repetitive parts of the mouse genome by ChIP-sequencing indicated striking differences in their genomic distribution; SA1 was enriched at promoters and SA1 null cells showed dramatic changes in gene expression (Remeseiro et al., 2012b) . Considering that AT-hook containing proteins have been shown to function in chromatin remodeling and transcription, it is tempting to speculate that SA1 may directly impact transcription through its unique AT-hook.
The initial finding that the Scc3 subunit of cohesin existed as two isoforms in vertebrate cells was surprising. However, given the strong homology between the two (and their association with the ring) it seemed likely that it was simply a gene duplication event that might not lead to dramatic difference in function. However, studies in human and mouse cells show that SA1 is required for sister chromatid cohesion at telomeres and its depletion has dramatic consequences on cell and organismal function despite the presence of SA2. Our work here, identifying a functional AT-hook motif that is unique to SA1, provides a molecular mechanism and sheds slight on the role of SA1 at telomeres and potentially throughout the genome.
Materials and Methods

Plasmids
The SA1 cDNA (kindly provided by Jose Luis Barbero) containing amino acids 1-1258 and the SA2 cDNA containing amino acids 1-1231 were cloned into the vector p3XFLAG-CMV-10 (Sigma) to generate 3XFlagSA1 and 3XFlagSA2. The SA1/SA2 chimera was generated by replacing amino acids 1-69 of FlagSA2 with SA1 amino acids 1-70; the resulting hybrid contained three alanines at the junction site. Sumo-SA1.72 contains amino acids 1-72 of SA1 cloned into the BamHI and XhoI sites of the pET28b-Sumo-6xHis vector (Chen et al., 2008) . The SA1RA mutation was created by substituting the arginine (R) residues at position 37 and 39, with alanine (A) residues, by site-directed mutagenesis of Sumo-SA1.72 and 3XFlagSA1 using the oligonucleotide 59-CAGAGGTCAAAGGAAAAAGAAAAGCGGGTGCTCCTGG-CCGGCC-39. Mutagenesis was performed using the Stratagene QuikChange sitedirected mutagenesis kit according to the manufacturer's instructions. For tankyrase 1 constructs, the tankyrase1 cDNA under the CMV promoter, derived from plasmid TT20 (Smith et al., 1998) , was inserted into a modified pLKO.1ps vector (a kind gift from Bill Hahn, Dana-Farber Cancer Institute, Boston, MA). The siRNA resistant (Dynek and Smith, 2004) and tankyrase 1 PARP-dead (Cook et al., 2002) plasmids were generated as previously described.
Chromatin lmmunoprecipitation
HeLaI.2.11 cells were processed for ChIP as described previously (Bisht et al., 2012) . Following preparation of cell lysates, 25% was saved as input. Immunoprecipitation was performed by addition of the following antibodies: 5 ml of rabbit TRF1 415 (Cook et al., 2002) crude sera, 5 mg goat anti-SA1 BL143G (Bethyl Laboratories, Inc.); or 5 mg goat IgG. Hybridization with a 32 P-TTAGGG or Alu probe was performed in Church buffer [0.5 M sodium phosphate buffer (pH 7.2), 1% BSA, 1 mM EDTA, 7% SDS] as described previously (de Lange, 1992) . Washed membranes were exposed to Kodak XAR film and ImageJ software was used to quantify the percentage of precipitated DNA relative to the input DNA.
Chromosome-specific FISH
Cells were fixed and processed as described previously (Dynek and Smith, 2004) . Briefly, cells were fixed twice in methanol:acetic acid (3:1) for 15 minutes, cytospun (Shandon Cytospin) at 2000 rpm for 2 minutes onto slides, rehydrated in 26 SSC at 37˚C for 2 minutes, and dehydrated in an ethanol series of 70%, 80% and 95% for 2 minutes each. Cells were denatured at 75˚C for 2 minutes and hybridized overnight at 37˚C with the following probes from Cytocell: a subtelomeric FITC-conjugated probe (16ptelo); a chromosome-6-specific alphasatellite TRITC-conjugated centromere probe (6cen); a TRITC-conjugated chromosome 10 centromere probe (10cen); or a dual probe comprising a TRITC-conjugated 13qarm and a FITC-conjugated 13q subtelomere probe. Cells were washed in 0.46SSC at 72˚C for 2 minutes, and in 26SSC with 0.05% Tween 20 at RT for 30 seconds. DNA was stained 0.2 mg/ml DAPI. The distance between FISH signals was measured using OpenLab software (Perkin Elmer).
Cell synchronization
For FISH analysis across the cell cycle, HelaI.2.11 cells were grown in the presence of 2 mM thymidine for 16 hours, washed three times with PBS, released into fresh medium, and transfected with siRNA. After 10 hours the medium was replaced with medium containing 2 mM thymidine and the cells were incubated for 16 hours, washed three times with PBS, and released into fresh medium. Cells were then harvested by trypsinization at 4, 6, 8 and 10 hours and analyzed by FISH.
For the tankyrase 1 rescue experiment supertelomerase HeLa cells (Cristofari and Lingner, 2006) were synchronized and transfected with siRNA as describe above, but were in a addition, transfected with tankyrase 1 plasmids prior to the second thymidine block. After release for 10 hours, cells were harvested by mitotic shake-off and analyzed by immunoblot and FISH.
For the XAV939 inhibition, HeLaI.2.11 cells were synchronized by a double thymidine block as describe above, released for 10 hours in 0.5% serum with or without 1 mM XAV939, harvested by mitotic shake-off, and analyzed by FISH.
Stable cell lines
TBE (Tris-Borate-EDTA) at 150 V for 55 minutes in the cold. Prior to loading samples, gels were prerun for 30 minutes at 80 V in the cold. Gels were dried onto Whatman DE81 paper and autoradiograph.
FACS analysis
siRNA transfected, trypsinized cells were washed twice with PBS containing 2 mM EDTA, fixed in cold 70% ethanol and stained with propidium iodide (50 mg/ml) and analyzed using a Becton-Dickenson FACSAN and FlowJo 8.8.6 software.
Image acquisition
Images were acquired using a microscope (Axioplan 2; Carl Zeiss, Inc.) with a Plan Apochrome 636 NA 1.4 oil immersion lens (Carl Zeiss, Inc.) and a digital camera (C4742-95; Hamamatsu Photonics). Images were acquired and processed using Openlab software (Perkin Elmer).
